Hydrostatic piezoelectric properties of [011] /N with high stability as a function of hydrostatic pressure was achieved for rhombohedral crystal composites. In addition, the stress amplification effects of the face-plate and different epoxy matrixes were investigated, with maximum FOM value being on the order of 92 pm 2 /N, indicating that 2-2 crystal/epoxy composites are promising materials for hydrostatic applications. 1-3 For piezoelectric sensors, they offer advantages of high reliability, fast response time, insensitivity to electrical and magnetic fields, and thus have been widely used for measuring force, strain, pressure, acceleration, to name a few. 4 Hydrophone is one important category of piezoelectric sensors, which detects the pressure variation of acoustic signals in water, while producing an output voltage proportional to the pressure. [5] [6] [7] [8] The acoustic pressure is considered to be effectively hydrostatic as the wavelengths of sounds in low frequency range are much larger than the sensor dimensions. The voltage produced under hydrostatic pressure is used to measure the sensitivity of a hydrophone. In this regard, a useful parameter in evaluating piezoelectric materials for use in hydrophones is the voltage coefficient g h . Another parameter is the hydrostatic charge coefficient d h , which describes polarization resulting from a change in stress, with 32 are the longitudinal and transverse coefficients, respectively. A useful figure of merit (FOM) for hydrophone materials is the product of the voltage and charge coefficients, d h Â g h . 9 A basic limitation on hydrophone performance is the electrical noise generated internally, which must not exceed the total sea noise. 7 At frequencies far below the resonance frequency, the energy dissipation is mainly dominated by the dielectric loss, thus the alternative FOM (d h Â g h /tan d) has been proposed. 7, 10 Other desirable properties for hydrophone sensors include, but are not limited to, low density for good acoustic impedance matching with water, minimal variation of d h and g h with pressure and temperature, etc. 6 PZT ceramics and relaxor-PT single crystals have been widely used for transducer applications; however, they have limited utility in transducers under hydrostatic conditions because of their relatively low hydrostatic piezoelectric coefficients, due to the fact that the d 33 is about twice the magnitude and opposite in sign from d 31 , thus leading to relatively low d h . In addition, the high permittivity results in low g h coefficients. There has been a longtime interest in developing piezoelectric composites for hydrophone applications, because of their high hydrostatic sensitivity, good acoustic impedance matching to water, and high-pressure tolerance. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] Piezocomposite hydrophones are dominated by 1-3 type connectivity, in which the arrangement of piezoelectric material and polymer will reduce the influence of the 31 and 32 modes and produce a significant improvement in hydrostatic voltage sensitivity, with a high FOM. [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Other engineered connectivities, such as parallel-connected 2-2 composites, which are stacks of piezoelectric ceramic sheets separated by passive polymer layers, have also been investigated. [21] [22] [23] [24] [25] [26] Recently, 2-2 lamellar composites comprised of relaxor-PT single crystals have been studied, giving a promising FOM of 16 pm Author to whom correspondence should be addressed. Electronic mail: soz1@psu.edu to be experimentally confirmed, which is the topic of this research.
In this paper, [011] C poled monolithic Pb(Mg 1/3 Nb 2/3 ) O 3 -PbTiO 3 (PMN-PT) crystals and corresponding 2-2 composites with various compositions were fabricated, the quasi-static measurements 29 were taken to determine the hydrostatic properties. In addition, the face-plate and epoxy matrixes (with different Young's moduli and Poisson's ratios) were investigated to further improve the hydrostatic piezoelectric properties.
PMN-PT single crystals were grown using Bridgman method at TRS Technologies Inc. Single crystals with rhombohedral (R) and orthorhombic (O) phases were selected for study. All samples were oriented using a real time Laue X-ray system with an accuracy of 60. 5 along the h100i C and h011i C crystallographic directions. The 2-2 crystal/ epoxy composites with various PMN-PT volume ratios were fabricated using the conventional dice and fill method, where the dicing was along the ½0 11 C direction of the single crystals. The kerf width was controlled to be 0.35 mm, with crystal sheet width being 0.58-1.0 mm, leading to 40%-66% crystal volume ratios. The epoxies [Epoheat (Buehler), Epoheat/DER732-75/25 wt.% (DOW Chemical) and Epoheat/DER732 with 10% volume of Matsumoto microsphere MFL-80GCA] with 25 wt. % hardener were then backfilled into the grooves in vacuum for 30 min, and subsequently cured at C. The fabricated composites were polished until all the piezoelectric sheets were exposed, and the final dimensions were 10 Â 10 Â 1.0 $ 1.5 mm 3 . All the samples were sputtered with gold electrodes on the (011) C surfaces, and poled with a field of 10-15 kV/cm at room temperature. For face-plate composites, the copper plates with 0.3 mm thickness were affixed to the composite using conductive epoxy (E-Solder 3022). The dielectric properties of the prepared monolithic and composite samples were determined using an HP4184A LCR meter. The piezoelectric hydrostatic coefficient d h was determined by the quasi-static method, following the formula:
where Q is the charge created on the sample, A is the value of the electrode area, d h is the hydrostatic piezoelectric charge coefficient at room temperature and atmosphere pressure, and p 0 is atmospheric pressure. a 1 is the isothermal pressure coefficient, being used to evaluate the pressure stability of d h with the following formula:
Another normalized pressure coefficient,
, in ppm/Pa, was also used in this research for comparison purpose. Table I summarizes the measured dielectric and hydrostatic piezoelectric properties of [011] poled PMN-PT crystals. The PMN-PT samples were numbered (#1 to #6) in ascending order from the bottom of the crystal boule, exhibiting rhombohedral (R) and orthorhombic (O) phases, respectively. The d 33 values and relative dielectric permittivity of the R crystals increase from 1180 to 1850 pC/N and 3730 to 5920, respectively, from samples #1 to #4, while the values are about 320-300 pC/N and 1180-1120 for samples #5 and #6, due to the fact that [011] poled O crystals possess single domain state, accounts for the very low dielectric/piezoelectric properties. 31 The pressure dependence of the measured charge density for [011] poled PMN-PT crystals as a function of applied pressure, up to 200 MPa, is presented in Fig. 2 . The experimental data was fitted using Eq. (1), where the hydrostatic piezoelectric d h and pressure coefficient a 1 (or
) were determined and summarized in Table I by the existence of internal bias. 37 On the contrary, the large differences between the calculated and measured d h values in R crystals, maybe owing to the domain engineered configurations, other than the extrinsic contribution. 32, 33 The hydrostatic piezoelectric g h and FOM of O crystals reached 8.6 mVm/N and 0.78 pm 2 /N, respectively, which are much higher than those of the R crystals (2.0 mVm/N and 0.16 pm 2 /N), due to their low relative dielectric permittivity ($1200). Of importance is that all the crystal samples exhibit very low isothermal pressure coefficient, with
being on the order of 0.001 ppm/Pa, demonstrating minimal variation as a function of hydrostatic pressure.
The pressure dependence of the charge density for 2-2 crystal/epoxy lamellar composites with different PMN-PT volume ratios is given in the small inset of Figure 2 [the R (3) composition was selected for crystal component, while Epoheat resin was selected as the epoxy]. The coefficients d h /g h and FOM were calculated and given in Fig. 3 (5) crystal/epoxy composite is much lower than its R counterparts, the FOM is higher, due to the low dielectric permittivity. Of particular significance is that the R (1) composites show very low normalized pressure coefficients, being only 0.0002 ppm/Pa, one order magnitude lower than R (3) and more than two orders magnitude lower than O (5) composites. This is due to the fact that R (1) composition is in rhombohedral phase, being far away from the MPB composition. Furthermore, it was observed both R crystals exhibit minimal pressure variation, as given in behavior, which may be associated with the hydrostatic pressure induced flattening of the free-energy profile along the polar axis in single domain O crystals. 38 For piezocomposites, including 1-3, 1-1-3, 2-2 ceramic/ epoxy composites, lot of attentions have been focused on the axial stress amplification and lateral stress attenuation by adding face-plate, changing the matrix stiffness and Poisson's ratio, which will greatly increase the hydrostatic charge coefficient. [21] [22] [23] [24] [25] [26] The effects of copper face-plate, matrix stiffness and Poisson's ratio on the 2-2 crystal/epoxy composites were also investigated in this work and the results are given in Table III Tables II and III ) , due to the fact that the additional stress transfers between the two constituents via the face-plate is primarily a normal stress along the Z-axis, thus amplifying the axial pressure and giving rise to higher hydrostatic properties. 23, 24, 39 Certainly, the amplification effect in a face-plated composite also depends on the thickness and stiffness of the face-plate, which was not studied here. The d h was further increased to 250 pC/N and 380 pC/N for R (1)-soft and O (5)-soft based 2-2 composites, respectively, as listed in Table III . This phenomenon is due to the softer polymer matrix with decreased Young's modulus, which leads to axial stress amplification, account for the improved hydrostatic properties. [21] [22] [23] In addition, with the face-plate, composites made of softer polymer (low Young's modulus) will have more uniform displacement than composites made of harder polymer (high Young's modulus), due to the fact that the additional stress transferred by the face-plate from the crystal to the polymer is in the form of a normal stress, where the softer polymer has less resistance to elastic deformation, thus it is easier to be driven toward more uniform displacement of the crystal sheets with the help of face-plates. 24 The Poisson's ratio of the polymer matrix is also a very important parameter in designing piezocomposites for hydrostatic applications. If the Poisson's ratio of the polymer matrix is large, the polymer matrix will be hydrostatically incompressible and large lateral stresses will develop in the piezoelectric crystals. 21 The Poisson's ratios for most polymers are 0.35-0.4, which can be reduced by introducing the bubbles into the polymer matrix. 40, 41 Ten volume percent microsphere MFL-80GCA with 10-30 lm diameter was introduced into polymer matrix, as expected, the d h values were found to increase to 390 pC/N and 570 pC/N for R (1)-soft þ bubbles and O (5)-soft þ bubbles composites, respectively, with the FOM values being on the order of 11 pm 2 /N and 92 pm 2 /N, considerably higher than those values of 2-2 composites with stiff and high Poisson's ratio epoxy. The pressure dependent hydrostatic charge coefficients were given in Fig. 5 , the normalized pressure coefficients were also listed in Table III , where one can see that the face-plate will slightly deteriorate pressure stability of the hydrostatic properties, due to the stress amplification effect of the face-plate. Of particular significance is that the bubbles mixed epoxy matrix with decreased Poisson's ratio showed similar normalized pressure coefficient as that of the soft epoxy, but with much higher hydrostatic FOM values. being on the order of 0.031 ppm/Pa, while R (1)-soft þ bubbles 2-2 composite was found to possess FOM value of 11 pm 2 /N, with much higher pressure stability. The large hydrostatic piezoelectric properties, together with optimized composite structure, will make the 2-2 lamellar composites promising for hydrostatic transducer applications. This work was supported by ONR and NIH under 2P41EB002182-15A1.O. The authors from XJTU acknowledge National Nature Science Foundation of China (Grant Nos. 51102193 and 51002116).
